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Beginning in the early 1990’s, the group-III nitride semiconductors, including InN, GaN, 
AlN, and their alloys, have received a tremendous amount of attention due to the 
commercial production of the blue light emitting diode (LED) and the fabrication of blue 
laser diode (LD), both based on the ternary alloy InGaN, first by Nichia Chemical 
(Japan) [1]. Since then, Research and development of this material has seen rapid 
advancement and will find application in many fields, optimistically within next few 
years.   
 The most important advantages of the III-nitrides are the wide and direct band 
gaps, with values of 1.9 eV for InN, 3.4 eV for GaN, and 6.2 eV for AlN.  The wide band 
gaps allow the materials to be used in UV to amber opto-electronic devices. The high 
bond strength (2.3 eV for GaN [2]) makes the III-nitrides suitable for high temperature 
while their high breakdown fields (3 x 106 V/cm for GaN [Ref. 2]) allow them to be used 
in high power devices. 
Of the group-III nitrides, GaN is the most extensively studied member.  The 
alloying of GaN with In and Al forming ternary compounds InxGa1-xN and AlxGa1-xN 
allows the band gap to be continuously tuned from 1.9 eV to 6.2 eV.  Moderate (x < 0.2) 
Al and In molar concentration of alloying are more mature, and found a myriad of 
applications in the near-UV to green spectral range. GaN crystallizes in cubic 
(zincblende), rock salt, or hexagonal (wurtzite) structure, with the last being by far most 
common. The conduction band minimum of wurtzite GaN has 7Γ -symmetry with a 
quantum number of 21=zJ . The maximum of the valence band is also located at the Γ -
point, resulting in a direct fundamental band-gap. The valence band in GaN is split into 
three different sub-bands, denoted by A, B, and C by crystal-field and spin-orbit coupling. 
The A-band has 9Γ -symmetry, while B and C have 7Γ -symmetry. The structure and 




Table 1.1 contains the relevant basic material parameters of GaN, AlN, and InN. 
These three materials cover the wavelength range from red to deep UV. A major issue 
associated with nitride material is lattice matching when growing such thin films on 
substrates. Besides expensive GaN substrates, only are practical substrates and are widely 
used. Still large lattice mismatch occurs even with sapphire and SiC, resulting in large 
strain exist in the grown structures and detrimentally large number of dislocations. 
Recently free standing GaN thick layers are being used as substrates, producing good 
results [9]. Figures 1.2 and 1.3 show photoluminescence (PL) and absorption spectra of 
two different GaN epilayers, respectively. Excitonic resonance associated with the A, 
B, and C valence band can be seen in the 10 K absorption curve of the 0.38 µm GaN 
epilayer. PL spectra show free exciton emission dominates over bound exciton emission 
as temperature increases.     
GaN was being synthesized as early as 1938, by Juza and Hahn [4]. Small needles 
of GaN were synthesized by passing ammonia over hot gallium. In 1969, the first large 
area GaN layers was deposited by Maruska and Tietjen using the chemical vapor 
deposition method [5]. The development of p-type doping by Akasaki and Amano in 
1989 [6] and the development of suitable epitaxial growth techniques such as 
metalorganic chemical vapor deposition (MOCVD) made possible p-n junction devices 
with III nitrides.  During the last decade, a number of III-nitride base opto-electric 
products have been commercialized, including blue, green, and white LEDs, as well as 
blue and UV LDs.  Still immense effort around the world, in industries as well as in 
universities, are involved in perfecting these devices and bringing out new products, such 




deal with the optical emission properties and mechanisms of the GaNs and their In, Al 
alloys in different temperature and optical excitation conditions.  






























































Figure 1.1.  Structure and symmetries of the lowest conduction band the uppermost 




























 GaN AlN InN 
Band-gap    gE 3.39 eV (300 K) 
3.50 eV (1.6 K) 
6.2 eV (300 K) 
6.28 eV (5 K) 
1.89 eV (300 K)














Thermal conductivity      k 1.3 W/cm K 2 W/cm K  
Index of refraction      n 2.33 (1 eV) 
2.67 (3.38 eV) 









Figure 1.2. Photoluminescence spectra as a function of temperature of a 7.2-µm-thick 
GaN epilayer. The inset shows the spectrum of the sample over a wider range of photon 

















































Figure1.3. Absorption spectra of a 0.38-µm-thick GaN. At 10 K, excitonic features 





















































Stimulated Emission and Gain Mechanism in AlGaN 
Due to their wide bandgaps, GaN and its Al and In alloys have recently attracted 
considerable scientific interest for their ultraviolet (UV)-blue-green photonic device 
applications [11]. In particular, the alloy AlxGa1-xN is a promising material for light 
emitting devices and detectors covering almost the entire deep UV spectral range (3.39 - 
6.20 eV at room temperature depending on x) with applications including secure from 
ground interception satellite-to-satellite communication, chemical and flame sensing, and 
compact tunable UV laser sources for medical purposes. AlGaN-based structures have 
been shown to possess superior waveguiding properties[12] resulting in lowering of 
threshold and efficient lasing in GaN/AlGaN heterostructures [13]. The variable stripe 
gain measurements performed by Eckey et al.[14] suggested that, under high optical 
excitation at 1.8 K, phonon-assisted processes play the dominant role in establishing gain 
in AlGaN epilayers. Recently, Schmidt et al.[15] reported the observation of stimulated 
emission (SE) in AlGaN epilayers with Al concentrations as high as 26% with SE 
wavelengths as short as 328 nm. Even though SE mechanisms in GaN epilayers [16] and 
GaN/AlGaN separate confinement heterostuctures [13] have been thoroughly explored, 
more studies on the temperature-dependent characteristics of SE in AlGaN epilayers are 
needed to understand their gain mechanism. Here, a comprehensive temperature-
dependence study of the optical properties of AlGaN at, below, and above the SE 




spontaneous and stimulated emission peaks over the entire temperature range were 
studied. Absorption and time-resolved photoluminescence (TRPL) experiments were 
performed. In this study it is established that different mechanisms are responsible for 
gain in AlGaN and GaN epilayers. Ways to improve SE efficiency in AlGaN samples are 
also discussed.    
The Al0.17Ga0.83N layer used in this study was grown by low-pressure 
metalorganic chemical vapor deposition on (0001) sapphire at a temperature of 1050°C. 
There is a thin (~50 Å) AlN buffer layer between the sapphire and the AlGaN layer, 
deposited at a temperature of 625°C. Triethylgallium, triethylaluminum, and ammonia 
were used as precursors in the growth of the Al0.17Ga0.83N layer, which had a thickness of 
2.5 µm. The high-density part of this study was performed in the traditional edge 
emission geometry using a tunable dye laser pumped by a frequency-doubled, injection-
seeded Nd:YAG laser.  A nonlinear crystal was used to double the frequency into the UV 
wavelength region. The resulting excitation pulse had a wavelength of 315 nm and had a 
pulse width of 4 ns. Spontaneous emission experiments were performed in the surface 
emission geometry to avoid re-absorption effects [17], using a frequency-doubled Ar+ cw 
laser (244 nm) as the excitation source. Absorption measurements were performed in the 
transmission geometry on pieces of the sample etched to a thickness of 0.4 µm using a 
high energy plasma etching technique. Carrier lifetimes were measured by time-resolved 
photoluminescence experiment using a picosecond pulsed laser system consisting of a 
cavity-dumped dye laser synchronously pumped by a frequency-doubled modelocked 
Nd:YAG laser for excitation and a streak camera for detection. The output pulses from 




frequency doubled the laser pulse into the UV spectral region. The overall time resolution 
of the system was better than 15 ps.    
Emission spectra of the Al0.17Ga0.83N sample as a function of excitation pump 
density near the SE threshold are shown in Figs. 2.1 (a) and (b) for 30 K and 300 K, 
respectively. At low excitation densities, only a broad spontaneous emission peak is seen 
at ~3.70 eV (~3.59 eV), which had a full width half maximum (FWHM) of 38 meV (150 
meV) at 30 K (300 K). As the excitation pump density increases to values exceeding the 
SE threshold a spectrally narrower peak with a FWHM of 24 meV appears on the low 
energy shoulder (~3.64 eV) of the spontaneous emission, as shown in Fig. 2.1(a). We 
note that the intensity of the SE increases superlinearly with excitation power and appears 
to be strongly transverse-electric (TE) -polarized. A similar behavior was observed at 
room temperature, as shown in Fig. 2.1(b). When the temperature was raised from 30 to 
300 K, the SE threshold increased from 0.3 MW/cm2 to 1.1 MW/cm2.  
Absorption measurements were performed on pieces of the sample that were 
etched to 0.4 µm. Thinned AlGaN epilayers are necessary to obtain a high signal-to-noise 
ratio due to the high optical thickness of AlGaN. The absorption edge appears to be 
blueshifted by 217 meV (215 meV) at 30 K (300 K) in comparison to the absorption edge 
of GaN epilayers [18]. The spectral width of the absorption edge of the sample (see 
Fig. 2.1) is very narrow (~40 meV) at 30 K, which suggests that potential fluctuations 
associated with aluminum incorporation are much smaller in AlGaN alloys than In 
composition fluctuation in InGaN alloys [19] (for approximately the same molar 




to be d = 1/α = 1 /( 9 x 104 cm-1) = 0.11 µm, where α is the absorption coefficient of the 
AlGaN sample. 
In order to understand the origin of SE in the AlGaN epilayer, we measured the 
positions of the spontaneous and stimulated emission peaks in the Al0.17Ga0.83N sample at 
temperatures ranging from 30 to 300 K (see Fig. 2.2). Interestingly, the spontaneous 
emission peak is seen to blueshifts with increasing temperature up to 75 K and redshifts 
thereafter. This type of anomalous temperature behavior is qualitatively different from 
that observed in GaN epilayers and cannot be adequately described by the Varshni 
equation [20]. There are two plausible explanations for this anomalous temperature 
behavior of the photoluminescence (PL) peak in AlGaN epilayers. Both piezoelectric 
fields [21] and potential fluctuations due to composition inhomogeneity [22] have been 
found to substantially affect the energy position of the main emission peak in InGaN 
structures, sometimes causing similar kind of anomalous behavior.  
By comparing the energy difference between the spontaneous and stimulated 
emission peaks for the Al0.17Ga0.83N sample over a wide temperature range (see the inset 
of Fig. 2.2), one can extract additional information as to the origin of gain in AlGaN 
alloys. Note that for high-quality GaN epilayers, at low temperature, the energy 
difference between the spontaneous and stimulated emission peaks approaches a constant 
exciton binding energy [23] and the gain was determined to be due to exciton-exciton 
scattering [16]. The SE peaks for the AlGaN sample used in this study is located at 
substantially lower energies than the spontaneous emission peaks. These energy 
differences increase from about 70 meV at 30 K to over 100 meV at room temperature. 




meV [18], one can conclude the nonparticipation of excitons in SE. Such a large energy 
difference between the two peaks is a consequence of band-gap renormalization effects 
associated with a high carrier density necessary to reach threshold, and thus it is very 
likely that SE is due to electron-hole plasma (EHP) recombination. 
To further corroborate the point that excitons do not take part in establishing gain 
in the AlGaN sample studied, the behavior of the SE threshold and carrier lifetime with 
temperature are carefully study, as shown in Fig. 2.3.  Note that the carrier lifetime in 
AlGaN at low temperature is much longer (250 ps) than that observed in GaN epilayers 
(35 ps) [24]. The difference in carrier lifetime can be explained by either the presence of 
a piezoelectric field or potential fluctuations due to compositional inhomogeneity. 
However, the increase of carrier lifetime was not concurrent with a dramatic lowering of 
the SE threshold, contrary to the case of InGaN. At room temperature, the SE threshold 
of AlGaN is about 1.8 times that of a high quality GaN epilayer [16]. The SE threshold 
monotonously increases with increasing temperature. The SE threshold carrier density at 
30 K can be readily evaluated if we take into account the recombination lifetime (250 ps) 
and penetration depth (d = 0.11 µm) of the sample, and a pump density of 0.37 MW/cm2 
(the threshold value at 30 K) roughly corresponds to a carrier density of 1.3×1019 cm-3. 
This value is one order of magnitude larger than the expected value for the Mott density 
of 1.1×1018 cm-3 in GaN samples [13], at which point electron-hole interaction is 
screened by free carriers generated by optical excitation. Excitons are likely to be 
screened out at these high carrier densities in AlGaN as well, leaving an electron-hole 
plasma as the only plausible gain mechanism. At elevated temperatures, reaching the SE 




that, as in the GaN SE mechanism study, lifetime measurements were done at relatively 
low excitation levels, generating carrier densities of only about 5×1016 cm-3. Carrier 
lifetime at near threshold density could be lower.  Thus the above estimate of threshold 
carrier density is only an upper limit.        
 The results of this study show that AlGaN is a viable material for UV LED and 
LD applications. We observed a longer carrier lifetimes in the AlGaN sample compared 
to GaN epilayers. We note that, contrary to what was observed in InGaN alloys [25,26]1 
the increase in carrier lifetime did not result in a large reduction in the SE threshold in 
AlGaN structures. Further improvements in sample quality are needed to reduce non-
radiative recombination channels and increase SE efficiency.  Also note that the 
observation of excitons in AlGaN is likely to be related to the crystalline quality of this 
material. Figure 2.4 shows absorption spectra of the sample at different temperatures. At 
the lowest temperature of 30 K, there is a slight indication of excitonic feature and that 
goes away at higher temperatures. As better quality A1GaN sample are grown, it might 
be possible to observe the effects of excitons on recombination dynamics in A1GaN even 























Fig. 2.1.  Stimulated emission spectra for the Al0.17Ga0.83N sample at (a) 30 K and (b) 
room temperature as a function of excitation pump density.  SE and SP label the 
stimulated and spontaneous emission peaks, respectively.   The absorption spectra of the 
sample for both temperatures are also shown.  
Energy (eV)







































































Fig. 2.2.  Photoluminescence and stimulated emission peak position as functions of 
temperature for the Al0.17Ga0.83N sample.  The inset shows the energy difference between 
positions of the PL (open circles) and SE (close circles) peaks versus temperature.  The 
solid lines are to guide the eye only.  
Temperature (K)
























































Fig. 2.3.   Stimulated emission threshold vs temperature for the Al0.17Ga0.83N sample 
(closed circles).  SE threshold of a GaN epilayer (close triangles) are shown in the figure 
for the purpose of comparison.  Carrier lifetimes (open squares) of  the Al0.17Ga0.83N 
sample as measured by TRPL are also shown as a function of temperature. The solid lines 


























































































HVPE-Grown GaN Strutures 
 
With the commercial availability of InGaN-based laser diodes (LDs) and light emitting 
diodes (LEDs) [27], GaN related materials have proven themselves to be extremely 
instrumental for the development of optoelectronic devices that operate in the blue-green 
to UV spectral range. For example, optically pumped lasing at room temperature was 
obtained in a GaN/AlGaN structure at 362 nm [28], which is shorter than the lowest 
emission wavelength of 376 nm reported for InGaN-based LDs [29]. Currently, most 
nitride LEDs and LDs are grown by MOCVD. However, hydride vapor phase epitaxy 
(HVPE) has become an important growth technique for GaN, since it is a cost-effective 
way of growing thick, high quality GaN with growth rates of up to 100 µm/h [30] and 
dislocation densities on the order of 106 cm-2 [31]. Free-standing HVPE-grown GaN 
films with thicknesses of up to 300 µm have been produced via laser liftoff [32], and the 
thicker one grows the GaN layer, the less dislocation it has. Free standing thick GaN 
films can be used as substrate to grow active nitride structures, avoiding the problem of 
lattice mismatching when using other material as substrate. Nichia and NEC both have 
fabricated InGaN-based LDs on HVPE-grown GaN substrates [33,34]. However there are 
very little studies on the potential of using the HVPE grown nitride structure as the actual 
light emitting devices. Here, we compare the optical properties of HVPE-grown samples 
(a GaN epilayer and a GaN/AlGaN double heterostructure) with a high quality MOCVD- 





The HVPE-grown GaN epilayer and the GaN/AlGaN double heterostructure (DH) 
used in this study were grown using ammonia, GaCl, and AlCl3 as the N, Ga, and Al 
sources, respectively. The GaN epilayer is 5 µm thick and was deposited on a 5 nm thick 
AlN buffer layer on a sapphire substrate. The GaN/AlGaN DH was grown on a SiC 
substrate and has a ~ 250 nm active GaN layer embedded between an Al0.06Ga0.94N layer 
on top and an Al0.16Ga0.84N layer below. Both AlGaN layers are 400 nm thick. This DH 
was designed for better optical confinement, and the top AlGaN layer has a smaller Al 
concentration than the lower AlGaN layer in order to facilitate p-doping the top layer, in 
case we later choose to do this for making electrical contacts. The MOCVD GaN epilayer 
is 7.2 µm thick and was grown on a ~ 5 nm AlN buffer layer on a sapphire substrate.  
Photoluminescence (PL) experiments were performed using the 244 nm line of an 
intracavity doubled cw Ar+ laser. Time-resolved PL (TRPL) measurements were 
performed using a streak camera for detection. The sample was optically excited by a 
picosecond pulsed laser system consisting of the second harmonic of a cavity-dumped 
dye laser synchronously pumped by a frequency-doubled modelocked Nd:YAG laser. 
The TRPL system has an overall temporal resolution of better than 15 ps. The high-
carrier density part of this study was performed in the traditional edge emission geometry 
using the third harmonics of an injection-seeded Nd:YAG laser and the second harmonic 
of a tunable dye laser pumped by a frequency-doubled, injection-seeded Nd:YAG laser. 
A closed-cycle helium cryostat was used to vary the temperature of the samples. 
 PL spectra from the 5 µm HVPE-grown GaN at 10 K and room temperature (RT) 
are shown in Figure 3.1. At 10 K, bound exciton emission is observed at 3.474 eV 





about 6 meV higher in energy. Room temperature PL shows free exciton position at 
3.417 meV (362.8 nm) with a 32 meV FWHM. These PL peaks are red shifted by 10 
meV (14 meV) from those of the MOCVD-grown GaN at 10 K (RT). The shift may be 
due to a decrease in the energy bandgap of the HVPE-grown GaN epilayer caused by a 
reduction in the lattice mismatch induced compressive strain [35]. The reduction is likely 
due to a lower grown-in stress at high temperature, which may be a result of the growth 
conditions [36]. The FWHM of the free exciton peaks of both GaN epilayers are similar 
at RT, but the MOCVD-grown GaN has a narrower bound exciton FWHM (1.4 meV) at 
10 K. Overall the HVPE-grown GaN shows good PL quality, comparable to the high 
quality GaN piece. 
 Stimulated emission (SE) was obtained for the HVPE-grown GaN both at 10 K 
and RT using the third harmonic of an Nd:YAG laser as the excitation source. Figure 3.2 
shows RT power dependent emission spectra of the HVPE GaN near the SE threshold. 
The inset shows integrated intensity as a function of excitation density. A sharp transition 
from spontaneous to stimulated emission was observed to occur at the SE threshold. In 
addition, the SE is highly polarized, with a TE:TM ratio of 50. The RT SE threshold for 
this epilayer was measured to be 710 kW/cm2, which is similar to that of the MOCVD-
grown GaN (600 kW/cm2). At 10 K, the SE threshold of the HVPE GaN is 200 kW/cm2, 
which is lower than the 300 kW/cm2 threshold of the MOCVD GaN. The RT SE peak of 
the HVPE-grown GaN is at 3.310 eV, which is redshifted 107 meV from the spontaneous 
emission peak. This large shift is due to bandgap renormalization effects, and indicates 
that electron-hole plasma recombination is the dominant gain mechanism in this epilayer 





Figure 3.3(a) shows the HVPE-grown GaN TRPL at 10 K with a bound exciton 
lifetime of 67 ps, which is much longer than the 35 ps lifetime of the MOCVD-grown 
GaN. The inset shows RT TRPL for the HVPE GaN having a decay time of 48 ps. Figure 
3.3(b) shows the temperature dependent integrated PL intensity from 10 to 300 K for the 
HVPE- and MOCVD- grown GaN epilayers. From 10 to 70 K, the integrated PL intensity 
of the HVPE-grown GaN decreases faster than that of the MOCVD-grown GaN, as 
shown in Figure 3(b). However, above 70 K, MOCVD-grown GaN PL intensity 
decreases more rapidly and has about the same 10 K to RT intensity ratio as the HVPE-
grown GaN. This indicates that there is still a large density of non-radiative 
recombination channels in the HVPE-grown GaN, especially channels activated below 70 
K. The exact mechanisms of non-radiative recombination were not studied, but in 
assuming that the dislocations (and not the point defects) are the dominant non-radiative 
recombination centers, one would expect an improvement in the quantum efficiency by 
growing thicker HVPE-grown GaN layers resulting from to a substantial reduction in the 
density of dislocations farther away from the interface  [38]. 
The HVPE-grown Al0.16Ga0.94N/GaN/Al0.06Ga0.94N DH PL at 10 K and RT, are 
shown in Figure 4(a). The 10 K PL shows the Al0.06Ga0.94N layer emission peak at 
3.586 eV and the GaN emission peaks at 3.459 eV. We obtained 10 K and RT SE in the 
DH, using the second harmonic of a tunable dye laser at 350 nm (3.542 eV, which is 
below the band edge of the Al0.06Ga0.94N layer ) as the excitation source. This is the first 
demonstration of SE in a HVPE-grown nitride heterostructure. Figure 4(b) shows RT 
power dependent emission spectra of the HVPE GaN/AlGaN DH near the SE threshold. 





HVPE-grown GaN in Figure 3.2. The increased threshold is attributed to an increased 
role of non-radiative recombination due to the presence of interfaces. Slightly above the 
threshold, the RT SE peak is at 3.330 eV, which is redshifted about 100 meV from the PL 
peak. This again indicates that electron-hole recombination is responsible for the gain in 
the GaN active layer at room temperature. Figure 3.5 show X-ray measurements and 
figure 3.6 show a microscopic picture of the HVPE-grown GaN epilayer. While the GaN 
has a good structural property ,the surface roughness due to rapid growth rate could be a 
negative factor. To improve the optical quality and reduce the SE threshold, a thicker 
lower AlGaN layer, a separate confinement heterostructure (SCH) [28], and better 
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Figure 3.2. Room temperature emission spectra of the 5µm thick HVPE GaN epilayer at 
various excitation densities near the stimulated emission (SE) threshold (Ith). The top 
curve correspond to the maximum pump power of 1.27 Ith, and so on. The inset shows the 
integrated intensity as a function of excitation density. The lines in the inset are to guide 
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Figure 3.3. (a) Time-resolved photoluminescence of the HVPE GaN epilayer and  
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Figure 3.4. (a) Photoluminescence and (b) emission spectra of the HVPE GaN/AlGaN 
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Figure 3.6. Microscopic interferometric (Nomarsky) picture of the surface of the HVPE-






























Optical Emission of InGaN with Low In Content 
The alloy InGaN is widely used in GaN based light emitting devices as well layers and/or 
barrier layers[39,40]. Alloying of In with GaN has a strong effect of increasing the 
emission efficiency and lowering the lasing threshold and is widely applied in LEDs and 
laser diodes [41, 42]. Here a study of the effect of incorporation of a very small amount 
of In into GaN is presented. 
 In this study the samples were grown on sapphire substrates. They have 1 µm GaN 
buffer layers, followed by 150 nm thick InGaN active layers, and are capped by 40 nm 
GaN layers. The In composition in the InGaN active layers are 0.4, 1.5, 2.4 percent for 
the three samples, achieved through a controlled growth trimethylIn flow rate of 10, 40 
and 75 cc/min respectively.  
 Figure 4.1 shows X-Ray Diffraction measurement of the three samples. 
Diffraction intensity peaks for InGaN layers can be seen on the left side of the GaN main 
peaks. The relative positions of the InGaN peaks on the X-ray scan tell the In contents of 
each sample. The FWHM of the GaN peaks of about 250 arcseconds indicate good 
crystalline quality for all samples. 
 Figure 4.2 shows the low temperature (10 K) photoluminescence spectra of the 
three samples. The main peaks are from the InGaN active layers, from left to right, of the 
samples containing 0.4, 1.5, and 2.4 % of In. High fluorescence efficiency is observed for 





respectively. The broadening of the PL spectra is due to increase in composition 
fluctuation with increasing In content.  
 Figure 4.3(a) shows the temperature dependents of PL peak energies from 10 K to 
300 K. For the 1.5 and 2.4 % In sample, there are clearly S-shape behaviors of peak 
energy positions as a function of temperature. This indicates the typical carrier 
localization caused by In fluctuation in the InGaN samples [43]. The S-shape behavior 
can be explained as follows. For low temperatures, in this case 50 K and below, since the 
radiative recombination is dominant, the carrier lifetime increases giving them more 
opportunity to relax down to the localized states, producing a redshift. For intermediate 
temperatures (50 to 120 K), a rapid increase in nonradiative recombination decreases the 
carrier lifetime, causing the carriers to recombine before having enough time to travel to 
the localized states, and results in blueshift of the PL peak position. At higher 
temperatures (above 120 K) nonradiative processes become dominant and lifetimes are 
almost constant. Photogenerated carriers are less affected by changes in lifetime, so 
blueshift behavior become smaller, and the redshift of PL peaks are caused by band-gap 
shrinkage with increasing temperatures. This effect shows that fluctuation of In 
composition can occur in InGaN layers with In content as low as one and a half percent. 
The S-shape behavior becomes more pronounced as In content is increased, showing that 
composition fluctuation increased as In content increases. In Figure 4.3(b), the integrated 
PL intensities of the three samples at low temperature and room temperature are shown. 
The PL intensities drop 3-4 orders of magnitude between 10 K and room temperature. 
For room temperature, PL intensities increase with higher In incorporation, this indicates 





localization [44,45], and give further evidence that higher In content leads to higher 
degree of carrier localization.  
To further analyze the PL behavior, the integrated PL intensities were plotted as a 
function of inverse temperature, as shown in figure 4.4. The data are fit with the equation 
I(T) = a/(1+c1*exp(-E1/kT)+c2*exp(-E2/kT) where I(T) is the temperature dependent 
intensity, E1 and E2 are activation energies, and a,c1, and c2 are fitting parameters. The 
activation energy obtained are 6.1, 28 meV for the 1.5% and 7.0, 31 meV for the 2.4% In 
content samples. This is corroborative to the conclusion that increased in localization 
depth for samples with higher In contents. 
All three samples showed stimulated emission at 10 K and at room temperature. 
For the 2.4% In, threshold excitation density of 7 kW/cm2 at 10 K is very low compared 
to the GaN’s threshold of 100 – 300 kW/cm2, while the SE wavelength is only 8 nm 
higher. The SE spectra are shown in Fig. 4.5. At 1.5% and 2.4% In composition, the SE 
threshold dramatically changes between 10 K and RT, as shown in Fig. 4.5(b). The low 
SE threshold indicates carrier localization effect plays important role in these two 
samples at 10 K. 
 In summary, this study shows successful low indium incorporation into GaN. 
InxGa1-xN with x values of 0.4, 1.5, and 2.4 % were studied. The S-shaped temperature 
dependence of PL peak energies indicates indium segregation (typical of InGaN), which 
causes composition fluctuation and carrier localization leading to higher spontaneous 
emission intensity at RT. Stimulated emission at both 10 K and room temperature was 
observed for all three samples. Dramatic decrease of SE threshold is observed as indium 






























          








































Fig. 4.2. Normalized PL spectra of the InGaN samples. From left to right are the 0.4, 1.5 







































































































Fig. 4.4. Temperature dependent spectrally integrated intensity of the InGaN samples. 
The upper curve is of 2.4% In sample, the lower one is of 1.5% In sample. The line 






































































Femtosecond Spectroscopy of Highly excited InGaN/GaN Heterostructure 
Among the alloys of GaN, InxGa1-xN proved to be the most efficient in light emitting 
applications, and is the most used in actual LED and laser diode products, including a 
long lifetime cw blue diode laser operated at room temperature [46]. Given the large 
carrier densities required to achieve lasing in these devices, it is necessary to study the 
carrier dynamics in highly excited InxGa1-xN thin films. In this chapter the author reports 
a study on one of such InGaN thin films, using femtosecond nondegenerate pump-probe 
(PP) spectroscopy as well as TRPL measurements. This study explored the early stage 
thermalization processes of the hot carriers generated by femtosecond pump pulse, and 
also the temporal evolution of the recombination process. 
 The InGaN sample used in the study is a nominally undoped In0.18Ga0.82N layer 
grown by MOCVD at deposition temperature of 800o C, with a thickness of 100 nm. It 
should be noted that the In content could be over estimated. The structure consists of a 
1.8 µm GaN buffer layer, follow by a 50 nm silicon doped (~1018 cm-3) GaN layer, the 
In0.18Ga0.82N active layer, and capped by a 50 nm silicon doped (~1019 cm-3) GaN layer. 
Femtosecond PP was carrier out in the surface emission geometry using a pump beam 
with 355 fs FWHM (measured by difference-frequency mixing in a BBO crystal) at 3.345 
eV (295 meV above the absorption edge of excited InGaN sample at 10 K), and a 
broadband continuum probe beam with a 350 fs pulse width. TRPL measurements were 





monochromator. The TRPL system had an overall time resolution of about 60 ps. The 
excitation energies for PP and TRPL are the same. All measurements were done at 10 K. 
 Within the sample, since the InGaN conduction band lies at a lower energy state 
than the GaN:Si donor states, the donor electrons will move into the InGaN region. The 
self-consistent potential seen by an electron in the sample can be modeled by an effective 
mass theory taking into account the exchange-correlation potential within the local 
density approximation. A numerical method [47] is used to calculate the carrier density in 
the InGaN region due to transfer of donor electrons from the Si doped GaN layer. The 
resulting 2D carrier densities are 1.1 × 1012 and 7.5 × 1011 cm-2 for the interface between 
the heavily and the less heavily doped GaN layer, respectively. This is not enough to 
effect the interaction among photo-excited carriers, where carrier densities on 1017 cm-3 
and above are generated. 
 Figure 5.1 shows the differential transmission spectra (DTS) [48] at early time 
stages for an average carrier density of 3 × 1018 cm-3, as estimated from band filling [49]. 
Note that due to absorption within the InGaN region, there is an exponential decay of 
carrier density in depth, with an absorption coefficient of 1.5  × 105 cm-1 for the InGaN 
layer. For the rest of the chapter, carrier densities will be meaning the average density in 
the InGaN region. The inset shows PL spectra (dotted line), the absorption spectra (solid 
line), and the pump spectra (dash line). The large Stokes shift of ~58 meV between the 
PL spectra and the absorption edge is due to both band bending near the interface and In 
composition fluctuations in the alloy [50-53]. The zero time delay is taken to be the 





 Before the time period of –200 fs, no significant changes in transmission of the 
probe beam were observed. At –200 fs, spectral hole burning [54] is observed to peak at 
the high energy tail of the pump pulse. At –100 fs, a broad tail at the lower energy side is 
seen. It arises from the fast interactions between the photogenerated carrier and the 
electrons that already existed as a result of Si doping. Between 0 and 300 fs, longitudinal 
optical (LO) phonons can be clearly observed, arising from electron-phonon scattering. 
At 0 fs time delay, the two broad peaks can be seen to occur at 3.25 eV and 3.18 eV. The 
spacing is about equally to the expected LO phonon energy of 89 meV, obtained from the 
linear interpolation on LO phonon energies of 92, and 74 meV for GaN and InN, 
respectively [55,56]. Note that the observation of successive LO phonon emission does 
not mean carrier relaxation can be simply explained by LO phonon cascade model. 
Considering the fact the decrease in density of state with decreasing photon energy will 
cause the DTS value to increase, the fraction of carriers involved in LO phonon emission 
is small. Carrier-carrier interaction causing the broadening of nonthermal carrier 
distribution (giving raise to the broad tail on the lower energy side seen at –200 fs) as 
well as electron-phonon scattering play a role in relaxation process. The relaxation 
process is very slow in this material when comparing to the redistribution of hot carriers 
over a wide energy range within 100 fs [57]. This is due to hot phonon effect where 
electrons lose energy very inefficiently when LO phonons are as hot as the electrons 
[58,59].    
 Figure 5.2 shows the absorption spectra of the InGaN layer as a function of time 
delay, for average carrier densities of and 4 ×1017 cm-3. For a carrier density of 4 ×1018 





same as the exciton Bohr radius in GaN. Thus the hot carriers in the InGaN layer form a 
electron-hole plasma (EHP), where as at a carrier density of 4 ×1017 cm-3, correlations 
between electrons and holes are possible. As the hot electrons relax toward the bottom of 
the conduction band, the band gap is renormalized, leading to induced absorption near 
and below the band edge, as seen in Fig. 5.2 for time delays after 1.3 ps. For carrier 
density of 4 ×1018 cm-3, as the carriers fill in at the edge of the band, induced absorption 
turns into optical gain, as seen in Fig 5.2(a), extending across the entire band tail. The 
gain reaches a maximum value of ~1.2 ×104 cm-1, at 2.5 ps. The oscillation in the gain 
spectra is due to Fabry-Perot interference. This optical gain at the band edge is similar to 
that shown by other pump probe spectroscopy studies on bulk GaAs [60], GaAs/AlGaAs 
multiple quantum wells (MQW’s) [61], and InGaN/GaN MQW’s [62].  
 In Fig. 5.2(b), where the carrier density of 4 ×1017 cm-3 is not enough to generate 
optical gain, only induced absorption is seen. At 3 ps, most of the carriers are situated at 
above the effective mobility edge (Eem) [63] (indicated by the arrow) of 3.04 eV, 
determined by the excitation energy dependence of PL peak positions [64] while there are 
still states available below. This means that the total density of localized stated resulting 
from In composition fluctuation is less than 4 ×1017 cm-3. To support this point, in 
figure 5.4, the PL peak positions do not shift at and below carrier density of 1 ×1017 cm-3, 
but show significant blue shift at density of 5 ×1017 cm-3 due to band filling of localized 
1 ×1017 cm-3 states. Therefore it can be estimated that the total localized states lies 
between 1 ×1017 cm-3 and 4 ×1017 cm-3. 
 Figure 5.3 shows the absorption spectra and their corresponding DTS for the 





×1017 cm-3. The rate of hot carrier relaxation depends strongly on the number of available 
lower-energy states. For carrier density of 3×1018 cm-3, the recovery of bleaching is much 
faster than that for 1 ×1017 cm-3 carrier density. This point to a very fast carrier 
depopulation process, i.e. stimulated emission (SE), exist when photoexcited carrier are 
at such high density. Time resolved PL measurement show that the SE process has a 
decay time of  ~28 ps at carrier density of greater than 1 ×1018 cm-3 (see Fig. 5.4). 
However, comparing to the 1.8 ps time scale for the hot carriers to relax to the absorption 
edge, as shown in Fig. 5.2, the relaxation processes shown in Fig. 5.3 are very slow. In 
fact, there is a clamping of carrier relaxation near Eem for carrier density of 1 ×1017 cm-3, 
when there are enough localized states to accommodate for the number of carrier at this 
density. This is indicative of a mobility edge type behavior in the Mott-Anderson view of 
localization relating to hot carrier relaxation [65]. 
 Figure 5.4 shows result of TRPL measurements. Fig. 5.4(a) shows the time 
integrated PL spectra, while (b) shows the time resolved intensities for a number of 
carrier densities. The threshold carrier density for stimulated emission is found to be 
1 × 1018 cm-3, above which the integrated PL intensity show superlinear growth. The 
rather large threshold density is contributed to the large effective mass [66]. Other study 
[67] shows that filling of localized states is a prerequisite for lasing in InGaN QW laser 
diodes. Spontaneous emission is attributed to the recombination of localized carriers 
since strain induced piezoelectric effect [68] is very small in InGaN layers of such 
thickness.  
 At carrier densities below SE threshold, time resolved PL intensity shows single 





TRPL measurements show two exponential decay, with a fast SE lifetime on the order of 
~20’s ps.  
 Figure 5.5 shows the time integrated PL intensity along with effective 
recombination lifetime (by fitting the decay exponential) at different photon energies 
across the PL peaks, for three carrier densities. The density of state in the band tail 
decreases quickly with increasing activation energy, leading to a lower density of final 
states for acoustic phonon relaxation or tunneling [69,70]. As a result, the average spatial 
separation between sites with deeper potential increases [71], causing longer effective PL 
lifetime at lower energies. At energies above Eem, decay is likely dominated by the rapid 
nonradiative migration to lower localized sites and has a much shorter lifetime. This is 
shown in Fig. 5.5 (a) and (b). In (c), where carrier density is above SE threshold, lifetime 
is below 30 ps across the peak. 
 Figure 5.6 shows the temporal evolution of optical emission at two carrier 
densities. (a) shows evolution of SE spectra for a carrier density of 1019 cm-3, and (b) 
shows evolution of spontaneous emission (SPE)for carrier density of 5 ×1017 cm-3.  The 
first (top one for both carrier densities) is taken at the peak of TRPL decay curves. The 
evolution of the spectral shapes for SE and SPE are quite different, indicating that the SE 
does not arise from localized states, as in SPE. The blue shift with increasing time delay 
in SE is expected for an EHP recombination from renormalized band to band transitions 
due to depletion of carriers. Together with the fact that the total localized density of state 
is less than 4 ×1017 cm-3, one can conclude that SE arise from recombination of carriers in 
the extended states in this sample. Note that in other studies [8], SE from an InGaN 





InGaN sample, both a small density of localized states (less interface than the MQW 
resulted in less In composition fluctuation) and high SE threshold (due to small gain 
length in the experiment geometry) contribute to the fact an EHP recombination being 
responsible for SE observed in this sample. 
 In summary, hot carrier dynamics in an InGaN thin film was studied using 
femtosecond  pump probe and time resolved photoluminescence spectroscopy at 10 K. 
Two successive LO phonon emission was clearly observed. As hot carrier relax, optical 
gain was observed, resulting in stimulated emission, with a threshold carrier density of 1 











































Figure 5.1. Differential transmission spectra (changes in transmission T) of the 100 nm 
In0.18Ga0.82N active layer at a carrier density of 3 × 1018 cm-3.  Inset shows the absorption 














































Figure 5.2. Absorption spectra near the band edge as a function of time delay for the 
InGaN sample for carrier densities of (a) 4 × 1018 cm-3 and (b) 4 × 1018 cm-3. The solid 






































































Figure 5.3. Absorption and their corresponding differential transmission spectra of the 
InGaN sample in the time delay range of 10 to 50 ps, for carrier densities of (a,b) 3 × 1018 
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Figure 5.4. (a) Time integrated PL spectra and (b) time resolved PL intensities at different 
























































































Figure 5.5. The time integrated PL spectra of the InGaN sample at three different carrier 
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Figure 5.6. Temporal evolution (a) stimulated and (b) spontaneous emission of the InGaN 












The group-III nitrides have found viable applications and renew interest in recent years. 
This thesis tries to explore some of the emission properties in various nitride structures.  
Gain mechanisms in Al0.17Ga0.83N alloys over the temperature range from 30 K to 
room temperature were studied by examining relative shifts between the spontaneous and 
stimulated emission peaks as well as by evaluating the carrier densities required to 
generate gain in this material system. Conclusion was made that the dominant gain 
mechanism over the entire temperature range studied for the Al0.17Ga0.83N sample is 
recombination of an electron hole plasma. The observed optical properties of AlGaN 
make it a leading candidate for the development of UV laser diodes. 
The optical properties of a GaN epilayer and a GaN/AlGaN double 
heterostructure grown by HVPE were studied and compared to those of to a high quality 
MOCVD-grown GaN epilayer. Stimulated emission was obtained for both the HVPE-
grown GaN epilayer and the GaN/AlGaN double heterostructure at 10 K and room 
temperature. It was found that the stimulated emission threshold and photoluminescence 
efficiency of the HVPE-grown samples are similar to those of high-quality 
MOCVD-grown structures. The results show that HVPE-grown nitrides have potential 
for UV – visible photonics device applications.  
InxGa1-xN with x values of 0.4, 1.5, and 2.4 % were studied. The S-shaped 
temperature dependence of PL peak energies gives evidence to indium segregation 





localization leading to higher spontaneous emission intensity at RT. Stimulated emission 
at both 10 K and room temperature was observed for all three samples. Dramatic 
decrease of SE threshold is observed as indium content increase to 1.5%. 
Hot carrier dynamics in an InGaN thin film was studied using femtosecond  pump 
probe and time resolved photoluminescence spectroscopy at 10 K. Two successive LO 
phonon emission was clearly observed. As hot carriers relax, optical gain was observed, 
resulting in stimulated emission, with a threshold carrier density of 1 ×1018 cm-3. SE was 
attributed to recombination of an electron hole plasma from band to band transitions. 
Further improvement of performance of the GaN based opto-electronic devices 
requires exploration of new structures and new growth methods. New fabrication 
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